Abstract. The aim of the present study was to evaluate the reliability of the Cartesian Optoelectronic Dynamic Anthropometer (CODA) motion system in measuring the cervical range of motion (ROM) and verify the construct validity of the CODA motion system. A total of 26 patients with cervical spondylosis and 22 patients with anterior cervical fusion were enrolled and the CODA motion analysis system was used to measure the three-dimensional cervical ROM. Intra-and inter-rater reliability was assessed by interclass correlation coefficients (ICCs), standard error of measurement (SEm), Limits of Agreements (LOA) and minimal detectable change (MDC). Independent samples t-tests were performed to examine the differences of cervical ROM between cervical spondylosis and anterior cervical fusion patients. The results revealed that in the cervical spondylosis group, the reliability was almost perfect (intra-rater reliability: ICC, 0.87-0.95; LOA, -12.86-13.70; SEm, 2.97-4.58; inter-rater reliability: ICC, LOA, SEm,). In the anterior cervical fusion group, the reliability was high (intra-rater reliability: ICC, 0.88-0.97; LOA, -10.65-11.08; SEm, 2.10-3.77; inter-rater reliability: ICC, 0.86-0.96; LOA, -10.91-13.66; SEm, 2.20-4.45). The cervical ROM in the cervical spondylosis group was significantly higher than that in the anterior cervical fusion group in all directions except for left rotation. In conclusion, the CODA motion analysis system is highly reliable in measuring cervical ROM and the construct validity was verified, as the system was sufficiently sensitive to distinguish between the cervical spondylosis and anterior cervical fusion groups based on their ROM.
Introduction
Cervical spondylosis is the most common spine disorder in the elderly (1) . Certain patients require anterior cervical fusion (ACF) surgery for preventing any further impairment of neurological function. Due to neck pain, cervical spine degeneration and cervical fusion, numerous cervical spondylosis and ACF patients suffer from limitations of cervical mobility (2, 3) and cannot maintain their life quality; this includes difficulty of walking down stairs, washing their hair and driving cars. As an important indicator of cervical disease and postoperative life quality (4) , the cervical range of motion (CROM) is routinely measured by clinicians and researchers to evaluate the cervical impairment, therapeutic effect and residual disability.
However, due to the complex anatomy of the cervical spine and the resulting coupled movement, it is challenging to determine the CROM measurement accurately and reliably (5) . At present, clinicians and researchers utilize various devices to assess CROM. When raters use goniometry (6) , inclinometry (7), radiography (8) or a CROM device (9) for assessment, no continuous angles are obtained, and scales require to be consulted or complex calculations must be performed, which are sources of human error. Furthermore, the CROM device cannot measure the pure CROM but includes the trunk motion. As to electromagnetic motion analysis (10) , ultrasound motion analysis (11) and optical motion analysis (12), they do not achieve 'good' reliability and validity in all directions of CROM. Thus, no optimal device for measuring CROM in clinical and research practice is currently available.
The Cartesian Optoelectronic Dynamic Anthropometer (CODA) motion analysis system (Charnwood Dynamics Ltd., Rothley, UK) is a real-time three-dimensional kinematic analysis instrument. This system has been employed in the analysis of gait posture (13) , lower and upper extremity kinematics (14, 15) and lumbar spine ROM (16) in various populations and circumstances, and proved to be reliable and accurate. To the best of our knowledge, it has not been applied in the assessment of cervical mobility (17 Considering the advantages of directly measuring the CROM as well as the CODA motion system being accurate and reliable in the analysis of other motions, the present study first applied the system for measuring the CROM, evaluated the intra-and inter-rater reliability and verified the construct validity of the system to discriminate between cervical spondylosis and ACF patients (known group construct validity).
Materials and methods

Subjects.
A total of 26 patients with cervical spondylosis and 22 patients with ACF who presented at the Second Affiliated Hospital of Xi'an Jiaotong University (Xi'an, China) between September 2015 and September 2016 were enrolled in the present study. The demographic data of patients was collected, and the visual analogue scale (VAS) (18) and Japanese Orthopaedic Association (JOA) score (19) were recorded. The patients of the cervical spondylosis group were diagnosed with cervical spondylotic radiculopathy or cervical spondylotic myelopathy by clinical systems and magnetic resonance imaging examination. The patients of the ACF group had received single-or multi-level anterior cervical discectomy and fusion (ACDF) or anterior cervical corpectomy and fusion (ACCF) due to cervical spondylosis, and solid cervical fusion was confirmed by X-ray and computed tomography scan. Informed consent forms were signed by all participants prior to measurements and ethical approval was provided by the Ethical Committee of Xi'an Jiaotong University (Xi'an, China).
Instruments. The CODA motion analysis system was used to collect the cervical kinematic data. The system is composed of marker devices, sensor modules and data analysis software. The marker devices consist of infrared emission markers and drive boxes, which are attached to the skin. The sensor modules are made up of three optical sensors, which capture the vertical, horizontal and rotational movements by tracking the markers' position in real-time. The data analysis software, CODA motion ODIN, analyzes the data from the sensor modules and records the three-dimensional CROM. During the measurements of CROM, two sensor modules were set-up at two diagonal sides of the test room, and three drive boxes and seven markers were selected to capture the head, cervical and thoracic movements. Marker 0 and marker 1 of drive box A were attached to glabella and mental protuberance, respectively. Markers 0, 1 and 2 of drive box B were attached to the external occipital protuberance, the seventh cervical vertebra (C7) and the eighth thoracic vertebra, respectively. Markers 0 and 1 of drive box C were attached to the incisure jugular and processus xiphoideus, respectively (Fig. 1) .
Procedures. A low-back chair was placed between two sensor modules and the patients were requested to sit up facing one sensor module. Their arms rested on the knees and their feet were kept flat on the ground. The patients were required to wear swimming caps to prevent interference of head hair. Prior to the measurements, all patients performed three repetitions of cervical motion in each direction as a warm-up. During the measurements, the patients were required to move in the following order: Flexion, extension, right lateral bending, left lateral bending, right axial rotation and left axial rotation.
They were also asked to move their heads as much as possible in each direction without any discomfort of the cervical spine, while the shoulders and trunk were kept in a static position. At the end of each movement, the patients remained static for 1 sec in case the sensor module missed the signal, and then slowly returned to the neutral position.
Two orthopedics postgraduate students of Xi'an Jiaotong University were selected as the testers (testers A and B). They were provided with specific training of operating the CODA motion analysis system prior to the study. The CROM of each patient was measured with three repetitions, two of which were performed by tester A (A1, A2) and the other one by tester B (B1). There was a 1-week interval between A1 and A2, and A2 was be performed at the same time of day as A1 to reduce the influence of diurnal variation. B1 was performed on the same day as A1 with a 20-min interval between the two testers, and tester B was blinded to the previous measurements. The intra-rater reliability was evaluated from the results of A1 and A2, and inter-rater reliability was evaluated from the results of A1 and B1.
Statistical analysis. All statistical analyses were performed by using SPSS 19.0 software (IBM Corp., Armonk, NY, USA). All data were proved to be normally distributed by the Kolmogorov-Smirnov test and thus, to assess the differences between groups, independent samples t-tests were performed. The characteristics of patients were described as the mean ± standard deviation (SD).
The reliability of the measurements in cervical spondylosis and ACF patients was calculated. Intra-and inter-rater reliability was assessed by determining the intraclass correlation coefficient (ICC) with 95% confidence intervals (95% CI). The one-way random model was used to calculate the ICC for intra-rater reliability, and the two-way random model was used for inter-rater reliability. Standard error of measurement (SEm) was calculated as SDx√1-ICC, where SD refers to the SD of the combined values of two tests (20) . The minimal detectable change (MDC) was calculated for a 95% confidence level, and the formula is MDC=1.96x√2 SEm (21) . Limits of agreements (LOA) were calculated as the mean difference±1.96 SD of the differences (22) . Bland-Altman plots were also generated to display the graphical differences between the measurements of two tests (22) . According to the categorization of Shrout (23), an ICC value of >0.8 was considered as highly reliable.
To verify the known group construct validity (24) , an independent samples t-test was performed to examine the differences in CROM between cervical spondylosis and ACF patients, and the value of CROM in each direction was calculated as the average value of A1, A2 and B1. P<0.05 was considered to indicate a statistically significant difference.
Results
Subjects. The characteristics of the patients in the cervical spondylosis and ACF groups are displayed in Table I . The cervical spondylosis group was composed of 26 subjects, and the clinical diagnoses of patients included myelopathy, radiculopathy or both. The ACF group was composed of 22 subjects and the surgical options included one-or two-level ACDF and one-or two-level ACCF. The mean follow-up time in the ACF group was 6.7±2.1 months. The differences in sex distribution and age between the groups were not significant. However, significant differences in VAS score and JOA score were identified between the two groups.
Reliability study on the cervical spondylosis group. The mean CROM as well as the ICC (95% CI), LOA, SEm and MDC according to the intra-and inter-rater reliability study are displayed in Table II . The ROM in lateral bending ranked lowest, following the extension/flexion, and the axial rotation ranked highest according to the intra-as well as the inter-rater analysis. The ICC values according to the intra-rater reliability analysis, ranging from 0.87 (flexion) to 0.95 (right axial rotation), were slightly better than those according to the inter-rater reliability analysis, which ranged from 0.84 (flexion) to 0.95 (right axial rotation), indicating a high level of reliability. The LOA ranged from -12.86 to 13.70 and -13.09 to 13.48 according to the intra-and inter-rater analysis, respectively. The SEm according to the intra-and inter-rater reliability analysis was similar, ranging from 2.97 to 4.58 and 3.13 to 4.32, respectively. The MDC ranged from 8.23 to 12.69 according to the intra-rater analysis and from 8.67 to 11.97 according to the inter-rater analysis. Figs. 2 and 3 display the intra-and inter-rater LOA plots for total CROM in the cervical spondylosis group, respectively.
Reliability study on the ACF group. The mean CROM as well as the ICC (95% CI), LOA, SEm and MDC according to the intra-and inter-rater reliability analysis are displayed in Table III . The highest ROM was in the axial rotation direction and the lowest ROM was in the lateral bending direction according to the intra-as well as the inter-rater analysis. The ICC values ranged from 0.88 (extension) to 0.97 (right axial Figure 1 . Position of the markers on the head and trunk: The position of markers included the glabella, mental protuberance, external occipital protuberance, the seventh cervical vertebra, the eighth thoracic vertebra, incisure jugular and processus xiphoideus. Values are expressed as the mean ± standard deviation or n. ACDF, anterior cervical discectomy and fusion; ACCF, anterior cervical corpectomy and fusion; VAS, visual analogue scale; JOA, Japanese Orthopaedic Association; N/A, not available.
rotation) according to the intra-rater analysis and 0.86 (extension) to 0.96 (right lateral bending) according to the inter-rater analysis, revealing almost perfect reliability. According to the intra-rater analysis, the LOA ranged from -10.65 to 11.08, the SEm ranged from 2.10 to 3.77 and the MDC ranged from 5.82 to 10.44. Similar to the inter-rater analysis results, the LOA ranged from -10.91 to 13.66, the SEm ranged from 2.20 to 4.45 and the MDC ranged from 6.09 to 12.33. Figs. 4 and 5 display the intra-and inter-rater LOA plots for the total CROM in the ACF group, respectively.
Construct validity. The inter-group differences in CROM are displayed in Table IV . The CROM regarding flexion, extension, right lateral bending, left lateral bending and right axial rotation in the ACF group was significantly lower than that in the cervical spondylosis group (P≤0.041), and a trend towards a lower ROM in left axial rotation was also noted in the ACF group, but the difference between groups was not significant (P=0.120). Table II . Mean ROM and reliability statistics for the cervical spondylosis group.
Intra-rater study
Inter-rater study 
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Discussion
Numerous instruments have been used for the measurement of CROM, but they may cause human error due to the inclusion of trunk motion or the requirement for a tester to read the scale (8-10). Therefore, a 'better' approach should be identified to measure cervical mobility in clinical and research applications. In addition, most studies are currently focused on measuring the ROM of healthy people or patients with neck pain (7, 17, 25) , while the reliability of the measurements among cervical spondylosis and cervical fusion patients has remained to be determined. The CODA motion analysis system has not been used for measuring CROM, but has been reported to reliably and accurately evaluate the ROM of other joints under different circumstances (15, 16) . To the best of our knowledge, the present study was the first to apply this system for measuring cervical mobility and proved to be highly reliable in determining the CROM. Besides, the construct validity Table III . Mean ROM and reliability statistics for the anterior cervical fusion group.
Intra-rater study
Inter-rater study was verified because the system was sensitive enough to distinguish the CROM between cervical spondylosis and ACF group.
-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
As an important indicator of cervical function, the three-dimensional CROM of cervical spondylosis patients has been assessed by various devices in previous studies. Dvir et al (26) utilized the Zebris system to assess the ROM of patients with cervical degenerative disease, the results were 82.5 for flexion-extension, 65.3 for lateral bending, and 103.9 for axial rotation. Yuan et al (4) used the CROM device to measure the ROM of patients with cervical myelopathy, and the results were 90.2 for flexion-extension, 83.2 for lateral bending and 114 for axial rotation. The CROM of ACF patients was also assessed using other methods. Cattrysse et al (27) used the electromagnetic tracking system to assess the ROM of patients who received ACF, and the results were 46.94-66.87 for lateral bending and 95.81-112.59 for axial rotation. Bell et al (28) used a virtual reality-assisted cervical motion tracking device (VR-assisted CMTD) to assess the ROM of patients who received ACDF, and the ROM was 67.2-89.7 for flexion-extension, 39.2-65.8 for lateral bending and 83.3-111.7 for axial rotation. In the present study, the CODA motion analysis system was utilized to measure the three-dimensional CROM of cervical spondylosis and ACF patients. Comparison of the present results with those of the previous studies indicated that in the cervical spondylosis group, the CODA motion analysis system was able to obtain a similar ROM to that determined by the CROM device and Zebris system, and in the ACF group, it determined a similar ROM to that obtained with an electromagnetic tracking system and VR-assisted CMTD. The similarity of the ROM assessed by various devices proved that the CODA motion analysis system is able to accurately measure the three-dimensional CROM.
Most previous studies only used ICC to assess the reliability of devices, which greatly reduced the credibility of their results (25, 29) . The present study comprehensively evaluated the reliability of the CODA motion analysis system by calculating ICC, LOA, SEm and MDC. The intra-and inter-rater ICCs in the cervical spondylosis group were 0.87-0.95 and 0.84-0.95, respectively. The intra-and inter-rater ICCs in the cervical fusion group were 0.88-0.97 and 0.86-0.96, respectively. Therefore, the reliability of the CODA motion analysis system was sufficiently high to render it suitable for use in clinical and research settings for the measurement of CROM in all directions. Various studies have also assessed the reliability of other devices among individuals with cervical disorders. Williams et al (9) assessed the reliability of the CROM device among cervical whiplash patients and obtained ICC values of 0.98-0.99 for intra-rater reliability and 0.82-0.92 for inter-rater reliability. Dvir et al (26) evaluated the reliability of the Zebris system for patients with degenerative changes, and the ICCs for intra-rater reliability were in the range of 0.80-0.89. Law and Chiu (25) assessed the reliability of the Electronic CROM Goniometer among patients with neck pain, and the ICCs for inter-rater reliability ranged from 0.81 to 0.92. In comparison with that of the other devices, the reliability of the CODA motion analysis system was equal or superior.
In the present study, almost all ICCs of flexion and extension were <0.90, which was lower than that of the other four directions. During the measurements, the marker attached to the incisure jugular was probably obscured by the jaw during the flexion, while during the extension, the marker attached to the occipital protuberance was likely obscured by the wrinkle of the neck skin. This obscuring effect may have resulted in the lower ICCs of flexion and extension. Furthermore, the ICCs of almost all directions in the cervical spondylosis group (range, 0.84-0.95) were lower than those in the cervical fusion group (range, 0.86-0.97). One possible explanation is that the lower CROM in the cervical fusion group may reduce the obscuring of the markers, which is beneficial for achieving higher ICCs.
The calculation of the MDC value is essential in assessing the reliability of a novel device. In the cervical spondylosis group, MDCs were 8.23-12.69 for intra-rater reliability, and 8.67-11.97 for inter-rater reliability. In the ACF group, the MDCs were 5.82-10.44 for intra-rater reliability and 6.09-12.33 for inter-rater reliability. MDC values for CROM have also been reported in previous studies. Shahidi et al (30) used a gravity inclinometer to measure CROM and the MDC ranged from 9 to 21 regarding inter-rater reliability. The lower MDCs in the present study indicated that the CODA motion analysis system is sensitive in detecting small changes in three-dimensional CROM. Therefore, the system is adequate to be applied in clinical and research practices.
The assessment of construct validity was performed by comparing the three-dimensional CROM between cervical spondylosis and ACF groups. The results revealed that the CROM in the cervical spondylosis group was significantly higher than that in the ACF group in all directions except for left rotation, supporting the ability of the CODA motion analysis system to discriminate between cervical spondylosis and ACF patients. The lower CROM for the ACF group was in agreement with the results of studies (31) (32) (33) . These studies often calculated the C2-7 ROM of flexion and extension by lateral radiographs. In a study by Lee et al (31) , an increase in the C0-2 ROM was observed after ACF, although the difference was not significant. However, the results of three-dimensional studies were contrary to the above. The study by Bell et al (28) revealed that the postoperative CROM in the 1-or 2-level ACDF group was higher than the preoperative one. A study by Landers et al (34) revealed that the CROM increased significantly after ACDF regardless of the number of levels fused.
The reason for the difference in results between these studies may be attributed to the compensation of the C0-2 ROM, the options of anterior fusion methods and the number of fused levels. Due to the conflicting results regarding CROM after ACF, the study of three-dimensional motion of the cervical spine is gaining importance. In the present study, although the left rotation ROM in the cervical spondylosis group was higher than that in the ACF group, the difference between the groups was not significant. One possible reason for the equal results regarding left rotation may be that the rotation of the cervical spine is mainly performed by the upper cervical spine, particularly C1 and C2 (35, 36) , while anterior fusion surgery is often performed between C3 and C7, and the ROM of rotation may thus be less influenced by the surgery. The present study had two limitations. First, the markers are not stationary with respect to the underlying bone due to the soft tissue between the markers and the bone landmarks. Therefore, the system may not be suitable for measuring the ROM of obese patients, since the soft tissue may be thicker. Furthermore, the system is expensive, which may limit its application in clinical practice. However, taking into account its various uses, such as assessing gait posture (13), lower and upper extremity kinematics (14, 15) and lumbar spine ROM, the high price may not restrict its application in clinical practice.
In conclusion, the present study confirmed the high reliability of the CODA motion analysis system in the measurement of CROM among cervical spondylosis and ACF patients. The construct validity of the CODA motion analysis system was verified, as the system was sufficiently sensitive to distinguish between cervical spondylosis and ACF based on the CROM.
